A moderate resolution single nucleotide polymorphism (SNP) map of the genome of Drosophila melanogaster that is designed for use in quantitative genetic mapping is described. Seventeen approximately 500 nucleotide gene sequences spaced at 10 to 20 centimorgan intervals were combined with 49 shorter sequence tag sites (STSs) at 5 to 10 centimorgan intervals to generate a map that should not leave any gaps greater than one half of a chromosome arm when any two wild type lines are compared. Of 20 markers with sufficient polymorphism to construct haplotype cladograms, 13 showed evidence for two divergent classes of haplotype. The possible mechanisms for and implications of the unexpected finding that two thirds of all short gene sequences in D. melanogaster may be dimorphic are discussed, including the suggestion that admixture between two separate lineages may have been a major event in the history of the species.
Despite the many advantages of Drosophila for genetic analysis, the development of molecular markers for use in quantitative genetic mapping has lagged behind that of other model organisms.
In the past few years, several QTL detection studies have been published, each using an independently derived map based on PCR-RFLPs (Liu et al., '96) , retrotransposon insertion sites (Long et al., '95; Nuzhdin et al., '97; Gurganus et al., '99) , or microsatellites (Gibson et al., '99) . Although each of these methods has their advantages, they do not yield readily to high-throughput scoring methodologies. For this reason, there is a movement in genome-wide mapping studies toward the use of single nucleotide polymorphisms (SNPs: Wang et al., '98) , which are amenable to a variety of high-throughput techniques for the detection of these polymorphisms. Here we report the construction of a moderate resolution SNP map of the D. melanogaster genome with markers at approximately five centimorgan intervals that should be appropriate for QTL mapping starting with essentially any pair of wild type inbred lines.
The three major advantages of a SNP map are resolution, ease of genotyping, and versatility.
Since an average of approximately one in every 200 nucleotides differ between any two chromosomes of D. melanogaster (Moriyama and Powell, '96) , SNPs are detectable at a very high density simply by sequence comparison. Furthermore, any stretch of one kilobase of sequence should contain several polymorphisms and hence present high haplotype diversity, facilitating comparison of many different lines using the same marker. Most SNPs can be detected without the need for costly and time-consuming gel electrophoresis. High-throughput detection techniques include denaturing high pressure liquid chromatography (DHPLC: Underhill et al., '97) , allele-specific oligonucleotide (ASO) hybridization on nylon membranes (Saiki et al., '86) , a ligation-mediated fluorescence method (Chen et al., '98) , MALDI-TOF (Ross et al., '98) , and DNA array hybridiza-tion on glass slides by oligonucleotide tiling (Chee et al, '96) or with resequencing protocols that are under development (Pastinen et al., '97) . These technologies will soon enable the high throughput and cost-effective genotyping of hundreds of markers in several thousand individuals.
SNP markers are codominant if scored for both alternate alleles and hence can be used in a variety of experimental designs where heterozygotes and both homozygote classes need to be distinguished. Each marker utilizes a pair of PCR primers that is common to all strains (and in most cases will also amplify DNA from the sibling species) and has a known map position, facilitating comparison of different studies. In most cases, once marker-trait associations have been detected with one pair of lines, the same markers-sometimes using alternate linked SNPs-will be suitable for following the most significant QTLs in different backgrounds. Importantly, high resolution mapping and allelic association studies between nucleotide polymorphisms in candidate genes and trait variation also require SNP detection, so an SNP map will provide a means for transitions between the various phases of quantitative genetic studies (Lynch and Walsh, '97) .
Using two strategies, the results presented below confirm that DNA sequencing is an efficient way to identify SNPs in Drosophila. In the first strategy, 20 gene fragments were selected according to map position using sequence information obtained from GenBank. Seventeen of these 500 base pair fragments proved to be sufficiently polymorphic to support distinction of the vast majority of a set of ten randomly sampled alleles. In parallel, a set of over 750 short sequence tag sites (STSs) had been sequenced between two common lab stocks for use in mapping of Mendelian mutations (R.H. and M.N., unpublished data). We subsequently sequenced a subset of 49 of these markers in six other inbred lines to expand the SNP collection, provide data as to which sites may show high heterozygosity in wild type lines, and to fill in some gaps in the map.
While analyzing these data, an unexpected pattern of haplotype dimorphism was observed in about two thirds of the markers that were sufficiently polymorphic to attempt to construct cladograms. We recently reported a similar phenomenon in one of the Ras genes of Drosophila, Dras2 (Gasperini and Gibson, '99) , and several studies of allozyme polymorphisms have remarked on the divergence of haplotype classes adjacent to sites that are thought to experience balancing selection (e.g., Kreitman and Hudson, '91) . However, haplotype dimorphism on a genome-wide basis has not been described. This may be because over the several kilobases that are typically examined, recombination is sufficient to break up linkage disequilibrium so that over the full length of any gene the polymorphism is effectively jumbled. Fortuitously, the marker sequences considered here are short enough that linkage disequilibrium appears to be retained in small samples. While the pattern of nucleotide diversity for any one gene is not statistically different from standard neutral equilibrium models, the collection of over a dozen markers with evidence for dimorphism is intriguing enough to suggest a need for much greater population genetic sampling throughout the genome.
MATERIALS AND METHODS

Fly stocks
To generate nearly isogenic lines, wild type strains of D. melanogaster were inbred by pairwise sib-mating for 10 to 50 generations. Canton S and Oregon R were obtained from Dr. Gerald Rubin, and 1st, 2nd, and 3rd chromosomes were isogenized by passage over balancer chromosomes. Samarkand, inbred for over 260 generations, was obtained from Dr. Trudy Mackay, and the remaining stocks were generated by G.G. Lines W6 through W29 derived from a collection of nearisofemales collected by B. Wallace from various localities around the world (see Gibson and van Helden '97,  Table 1 , for a complete list; W6 is from Capetown South Africa, W11 from the Pyrenees, Spain, and W28 and W29 from Kenya). Lines A6 through A20 were derived from isofemales trapped in an Ann Arbor, Michigan, fruit market in summer 1997.
Sequencing
PCR products were amplified from genomic DNA prepared from one to several flies of each inbred line. For the sequencing of gene fragments, each PCR product was purified from an agarose gel and directly sequenced using one of the amplification primers. ABI dye-terminator chemistry was used with the ABI 377 automated slab gel sequencing system to obtain reads of over 500 nucleotides in most cases. For the STS sequencing, PCR products were treated with exonuclease I and shrimp alkaline phosphatase and sequenced directly without gel purification (Werle et al. '94) using ABI BigDye terminator chemistry and an ABI 377 DNA sequencer. PCR primers for the gene sequences are listed in Table 1 , and for the STSs can be obtained over the internet from the Berkeley Drosophila Genome Project (BDGP: http:// www.frutifly.org).
Gene sequences were aligned and polymorphisms detected by eye using Sequence Navigator software (ABI Prism). The complete set of STS sequences were analyzed together after aligning them using Phrap, then detecting polymorphisms with the Phred (Ewing et al., '98) and Consed (Gordon et al., '98) programs obtained as described at the following web site of the University of Washington Genome Center: http://www.phrap. org/consed/consed.html#howToGet. Some manual realignment was necessary, and all traces were also scanned by eye to confirm the presence of unambiguous SNPs and rare heterozygotes.
Data analysis
Nucleotide diversity listed in Table 1 was determined using the equation (Tajima, '93) :
where n is the number of alleles sequenced, k is the number of differences per site between a pair of alleles, and the sum is over all possible pairwise combinations of alleles i and j. It thus provides a measure of the average distance between any two alleles for each marker. The proportion of sequence comparisons that differ between any two alleles is a more useful measure in judging the potential of each marker for SNP detection, and this was calculated as the proportion of all possible pairwise comparisons that differ by at least one polymorphism for the particular marker. The set of 49 STS sequences in Table 2 were chosen solely on the basis of genomic location from a larger set of 304 markers that were already known to have at least one (and an average of 2.1) SNP difference(s) between Oregon R and Canton S (M. Ellis, R.H. and M.N., unpublished data). There were no differences in SNP frequency between the 49 markers in Table 2 and the remaining 255 markers of the larger set. However, this sample is likely to be slightly more polymorphic than a completely random set of markers because over 60% of the chosen STSs differ between each of the pairs of lines, with a low value of 50% for the two most similar lines (W11 and Oregon R), compared with 40% for Oregon R and Canton S (304 dimorphic STS of a pool of 751 STS sequences compared).
Cladograms in Figure 4 were drawn by hand. Identical sequences and those that differ by one or two sites were grouped, and then samples were removed that appeared to be recombinant (that is, they consisted of the left end of one haplotype and the right end of another) or showed evidence for double recombination. Automated algorithms are not necessary with such small samples, and those that are available do not adjust for the presence of recombination. Diagrams can be derived for any marker using the data in Figures 1 and 2 .
ASO analysis
Males from each of 75 isofemale lines, most of which were trapped in Kenya by R.C. Woodruff (lines 3676-3750 of the old Mid-American Stock Center, now maintained in G.G.'s lab), were crossed to W6, and a single progeny was chosen for DNA preparation. Using PCR products blotted onto a nylon filter (HybondN+; Pharmacia Biotech) under vacuum, genotypes were inferred from the presence or absence of hybridization of a 32 P-labeled 15 mer allele-specific oligonucleotide (ASO: Saiki et al., '86 ) that was designed to be complementary to the non-W6 SNP allele . Two replicate blots with individuals in different arrays were performed for each gene (tkv and fz). The following wash temperatures and ASO oligonucleotides (polymorphic sites underlined) were used in a hybridization buffer containing 5× SSPE and 0.1% SDS:
For fz449, two different hybridization intensities were observed, possibly indicating recombination between the three adjacent polymorphisms (C/T, T/ C, and TT/-) in three of the 19 individuals that hybridized to the probe. Haplotypes and linkage can be inferred directly with this design since the ASOs do not hybridize to the W6 reference allele.
RESULTS
Construction of a low resolution SNP map
As a first step toward construction of an SNP map of Drosophila melanogaster, we sequenced ap- proximately 500 nucleotides of 20 genes in four highly inbred wild-type lines. Subsequently, up to ten more wild-type alleles were sequenced for genes on the first and third chromosomes. The genes were chosen to provide three or four evenly spaced markers per chromosome arm. Table 1 shows the cytological location, primers, and type of sequence for each gene, as well as the number of alleles sequenced, number of polymorphisms (including SNPs and small indels), the approxi- Figure 1 . One half of the polymorphisms detected (58 of 112) were singletons, and the vast majority were base substitutions, with only 14 indels in the sample. Nucleotide diversity fell within the known range for Drosophila (Moriyama and Powell, '96) , averaging 0.005 polymorphisms (including indels) per base pair with a maximum value of 0.014 for part of the 3′ non-coding region of the thickveins (tkv) locus. Three loci (seizure, apterous and 14-3-3-epsilon) were monomorphic or nearly so, and hence do not provide SNP polymorphisms. The remaining 17 loci averaged 6.6 polymorphic sites, and typically any two alleles have different haplotypes in over 80% of pairwise comparisons.
Construction of a moderate resolution SNP map
To increase the probability of finding markers at 10 to 15 centimorgan intervals for any comparison of two inbred lines, and to fill in a few gaps in the map, a second SNP-detection strategy was adopted. We sequenced 49 shorter (on average 180 base pairs) sequence tag site (STS) sequences in eight strains including three common inbred laboratory stocks, Canton S, Oregon R, and Samarkand. Nucleotide diversity was similar to that for the longer sequences (average = 0.006), but the total number of polymorphisms per marker was accordingly lower, averaging just 2.8 substitutions or indels. Nevertheless, each marker GenBank accession numbers are: achaete, M17120; swa, X56023; sev, J03158; fog, U03717; ninaA, X14769; tkv, U1442; numb, M27815; eve, X78903; tra2, X57484; Dpt, Z11728; R, X02200; Tph, X98116; fz, X54650; Dras1, X73219; DopR, X77234; Tll, M34639. The DMS sequence is contained within BACR48A04 of the Drosophila genome project and was initially supplied by R. Nichols.
typically distinguishes a pair of alleles in two thirds of comparisons, as indicated in Table 2 . These STS markers may be slightly enriched for polymorphism relative to a completely random set of markers since they were prescreened to differ between Oregon R and Canton S (see Materials and Methods). A complete list of SNP polymorphisms is provided in Figure 2 . The fraction of singletons (44/ 138 polymorphisms) was slightly lower than for the longer gene sequences, and there were 16 indels. Two sites provided evidence for recurrent mutation in the form of two different nucleotide substitutions. Three markers were unusually polymorphic (Dm-0925 at 66A, Dm3873 at 67F, and Dm2730 at 94C). The locations of each marker together with a graphical representation of its relative efficiency at distinguishing pairs of alleles is shown in Figure 3 . As expected, there is a tendency for increased polymorphism in regions of higher crossover frequency (Begun and Aquadro, '92), but the sequences are too short to perform statistical tests of this relationship (data not shown).
The frequencies and proportions of transitions, transversions, and indels in the combined sample of 250 polymorphisms are shown in Table 3 . There were no significant differences between the gene and STS samples. Overall, there were slightly more transitions than transversions, but surprisingly the proportion of transversions was elevated on the second chromosome relative to the first and third chromosomes. The difference is only marginally significant at the 5% level by a chi-square test, and is considerably more pronounced in the set of gene sequences than in the STS data set.
Haplotype dimorphism
Several of the markers in both data sets have sufficient polymorphism to qualitatively assign haplotypes. Two thirds of these markers appear to present two classes of haplotype. Of the ten genes on chromosomes 1 and 3, six produce two clades that are separated by between three and five polymorphisms, as shown in Figure 4 . This is most obvious for Tph, where eight alleles are identical and differ by four sites from two other alleles. Similarly, frizzled (fz) has four identical alleles that are five sites divergent from another pair of alleles, while three alleles appear to be recombinants. In most cases, the W29 alleles do not fall into either common haplotype class, and are either putatively recombinant, have several extra unique polymorphisms, or both. For the other four genes, the polymorphism is more evenly spread among the alleles and no obvious haplotype classes are seen.
A similar pattern can be seen in the set of STS sequences, although in this case the majority of markers have too little polymorphism to perform an analysis. The eight most polymorphic markers (Dm3746, Dm0501, Dm0447, Dm4048, Dm-2390, Dm0925, Dm3873, and Dm2730) all show some clear evidence for two haplotype classes, while only three markers (Dm0505, Dm0932, and Dm2349) do not appear to be at all dimorphic. Furthermore, of the fifteen remaining markers with just two non-singleton polymorphisms, in ten cases (Dm0478, Dm3790, Dm0877, Dm0976, Dm0064, Dm0891, Dm0688, Dm2140, Dm2194, and Dm3710) the two more rare substitutions are found in the same alleles, consistent with the existence of two haplotype classes.
This observation implies that there should be significant linkage disequilibrium between SNPs within each marker. To confirm that this is the case, we determined the haplotypes of 75 randomly chosen alleles isolated from a collection of Kenyan isofemale lines, over five sites in tkv, and four sites in fz. Males of each line were crossed to the W6 isogenic stock, for which the haplotype had been determined by sequencing, and one heterozygous offspring was chosen for genotyping using the ASO method. The sites and frequencies of the non-W6 allele in the sample are shown in Figure 5 , along with an estimate of D′, the ratio of observed to maximum possible linkage disequilibrium, between adjacent pairs of SNPs (Weir, '96) . Numbers in brackets show the proportion of haplotypes containing just one non-W6 allele for each pairwise comparison. There is highly significant linkage disequilibrium between three com- mon polymorphisms separated by 165 nucleotides in tkv (P < 0.001), and complete linkage disequilibrium between three SNPs separated by 365 nucleotides in fz, although there has been considerable random assortment between these sites and the first SNP just 42 nucleotides 5′ in the fz sequence.
DISCUSSION
Utility of the SNP map
The aims of this study were to identify a set of evenly distributed SNPs that might be useful for quantitative genetic mapping using wild type lines, and to compare the efficiencies of two strategies for the detection of SNPs. To this end, we opted for greater volume over double-stranded coverage and have analyzed nearly one quarter of a megabase of sequence. It is doubtful that sequencing the reverse strand of each marker would significantly improve SNP detection, but the estimates of population genetic parameters should be regarded with due caution, especially since they are derived from just eight to ten alleles. If there is a bias due to inaccurate scoring, it is likely to be toward underestimation of nucleotide diversity since we have only included polymorphisms that were unambiguous, or in a couple of cases present in two or more individuals. Putative heterozygotes where two nucleotides appeared with similar intensity at a site were not included unless the polymorphism was found in another individual, but such instances were likely to be extremely rare, as observed heterozygosity in the highly inbred lines was less than one percent.
For the purposes of SNP identification, polymorphism is high enough in D. melanogaster to make sequencing of randomly selected short sequences an efficient method, obviating the need for prescreening using techniques such as DHPLC (Underhill et al., '97) . The STS sequences average just 180 base pairs in length, but in many cases had two or three polymorphisms. The drawback of using such short sequences is that they are not sufficiently diverse to ensure that a sequence difference will be observed in the majority of comparisons of any two individuals. However, with a high enough density of markers, this does not present a problem for QTL mapping purposes. Markers every ten centimorgans are sufficient for first-pass QTL mapping (Zeng, '93) and it is generally unlikely that each pair of three adjacent STSs will contain the same sequence in any two individuals. Combining the STS and gene sequences, the largest gap left when any pair of the lines that we have sequenced is just one half of a chromosome arm. It should also be noted that a high density set of SNP markers that distinguish Oregon R and Canton S has also been generated with markers every few hundred kilobases (R.H., M.N. and M. Ellis, in preparation). This data will be a useful starting ground if higher density maps are to be used for QTL mapping in the future.
We have established a web site (http://www4. ncsu.edu/~ggibson/flySNPs) with a list of ASO markers that in principle provides sufficient coverage to enable first pass QTL mapping with progeny derived from any set of parents. Selection of 30 of these SNP sequences should provide at least 20 useful markers without having to sequence the parents, particularly if one of the common lab stocks (Oregon R, Canton S, or Samarkand) is used as one of the parents. However, we caution that there is heterozygosity in a few of the markers. Subsequently, the remaining markers could be used to initiate higher resolution mapping near QTL peaks. A fraction of the polymorphisms also affect restriction sites and so might alternatively be used for PCR-RFLP detection.
A further implication of the data is that sequencing of 500 base pair segments of the genome should be a very efficient way of finding polymorphisms for high resolution mapping once a region of interest has been identified. By designing PCR primers one kilobase apart, the probability that any marker will contain a SNP that distinguishes any two alleles is very high given that automated DNA sequencers routinely provide over 500 base pairs of readable sequence and reactions can be primed from either end. With the availability of the complete sequence of the Drosophila genome, there is essentially no limit to the resolution that SNP detection can provide for gene mapping, and this method should be a useful adjunct even where other markers such as microsatellites or AFLPs are used for a low resolution scan. Microarraybased methods for SNP detection are being developed (Chee et al., '96; Pastinen et al., '97 ) that should make SNPs the quickest and most costeffective technique for QTL and association mapping in Drosophila.
Existence of haplotype dimorphism
One third of the polymorphisms detected by both approaches are "common" in the sense that the more rare variants are present in three or more of the sequenced alleles and hence have frequencies between 0.25 and 0.5. Inspection of Figures 1 and 2 reveals that in those cases where there are two or more of these common alleles in one marker, they tend to be found in the same individuals. This observation led us to construct haplotype cladograms where possible, and thence to the surprising finding that two thirds of the more highly polymorphic loci appear to be represented by two classes of common haplotype as shown in Figure 4 . In each case, a set of alleles that differ from one another by one or two sites share between three and six sites that are not shared with most of the remaining alleles. For some of the markers, there are a few alleles that are easily explained as recombinant between the two haplotype classes, which is to be expected since linkage disequilibrium in Drosophila is well known to decay over several hundred base pairs in regions of normal recombination (Zapata and Alvarez, '93) . In general, the individuals contributing to each haplotype cluster are different for each marker, indicating a history of recombination between markers. There is no obvious differentiation by population since the Ann Arbor and Kenyan haplotypes mix with the other haplotypes.
The statistical significance of this unexpected distribution of haplotype variation is difficult to establish, since there is little power to detect linkage disequilibrium or otherwise to support the inference of two distinct haplotype clusters in samples of just a dozen alleles. Data across markers cannot be pooled to provide a multi-site test of association, because of the recombination between markers. The ASO analysis provides some evidence that sequencing tends to overestimate the extent of non-random associations, both because of the small sample size and the possibility that there is population structure in the data (see Gasperini and Gibson, '99 , for another example of loss of evidence for linkage disequilibrium in larger samples obtained by ASO genotyping). Although there was highly significant linkage disequilibrium between all sites within the two genes examined in a sample of 75 alleles, the larger sample highlights that this is against a backdrop of variable SNP frequencies. For example, tkv polymorphisms 356 and 392 are only found on chromosomes with the other non-W6 SNPs, but there were only 6 and 1 representatives respec-tively of each in the large sample, whereas the other non-W6 SNPs are the more common allele. These sites would not then contribute to the divergence between most representatives of the two haplotype classes for this locus. By contrast, fz polymorphism 375 was only seen in one of 10 sequences from the worldwide sample, but has a frequency of 0.28 in the Kenyan sample, so may contribute significantly to haplotype divergence. Such observations suggest that supplementing sequence analysis by sampling SNPs for hundreds of alleles will aid in describing the history and distribution of molecular variation in this species (Zapata and Alvarez, '93) .
The existence of an excess of within-locus linkage disequilibrium in D. melanogaster (and D. simulans) has been inferred by Andolfatto and Przeworski (manuscript submitted). They found that estimates of the per nucleotide recombination rate, based on analyses of DNA sequences, are consistently significantly lower than those calculated from direct observation of crossing-over in laboratory crosses. There are several possible explanations for such a result, but the most likely seems to be that non-random association between SNPs decreases the estimate of the rate at which recombination must operate in natural populations. Our data provides direct evidence for such linkage disequilibrium on a relatively unbiased sample of sequences. Our loci were not chosen a priori on the basis that they are likely to be polymorphic, or to encode a particular class of gene. In the case of the STSs, which in general derive from the ends of P1 clones that were used to assemble the physical map of the D. melanogaster genome, they are only biased to the small extent attributable to preselection of markers that distinguish two common lab stocks.
Implications of haplotype dimorphism
Assuming that the existence of two haplotype classes in more than one half of the sampled sequences from the twelve strains that we considered is representative of a larger population, at least three explanations can be considered: demographic history, selection, and admixture.
The first possibility is that haplotype dimorphism is actually built into the ancestry of any sample of haplotypes. While it seems unlikely that scattering of SNPs at random over a set of haplotypes would frequently lead to two classes of haplotype separated by more polymorphisms than occur within each class, such a random distribution is not actually the correct null model. Slatkin and Hudson ('91) showed that the history of coalescent events imposes a significant correlation structure on the pairwise comparison of alleles, even in populations of constant size and with little demographic structure. For this reason, the existence of deep branches in intraspecific gene trees is not unexpected, but the question is whether the depth of the branches (the number of substitutions separating haplotype classes relative to the diversity within each clade) falls within the range predicted by standard neutral theory. This is impossible to answer with small samples if there is uncertainty in the frequency of each individual SNP, as implied by the ASO analysis. Just as importantly, coalescent histories are affected by parameters such as the ratio of the recombination rate to the neutral mutation rate for each locus, demographic factors (migration, population subdivision, and population growth), and historical factors (Griffiths and Marjoram, '96) . Thus, while coalescent modeling is the most rigorous way to test whether the observed pattern of haplotype diversity departs from neutral expectations, the analysis is complex and beyond the scope of this report. Nevertheless, coalescent simulations carried out in collaboration with P. Andolfatto (manuscript in preparation) do suggest a trend towards a non-neutral excess of linkage disequilibrium in the data, given laboratory-based estimates of the recombination rate.
The degree of haplotype dimorphism is surprising, and may indicate that selection has a pervasive effect on the distribution of variation throughout the genome. Balancing selection could maintain the existence of two haplotype classes at many loci by allowing the buildup of selectively neutral variation linked to sites experiencing strong selection (Hudson et al., '87) . There are actually several reports of this phenomenon in relation to Fast/Slow allozyme polymorphisms (see Moriyama and Powell ('96) for references). Qualitative re-examination of the published sequences throughout several of these genes in 100-300 base pair windows also provides evidence for divergent haplotype classes very analogous to our results (results not shown). However, extrapolation of these patterns throughout the genome would imply that there is one site experiencing strong balancing selection every few kilobases, which seems unlikely. It is also possible that there is sufficient epistatic selection between linked sites to maintain higher than expected levels of linkage disequilibrium. Burger and Gimelfarb ('99) have reported results of a simulation study where multilocus diploid genotype fitnesses were randomly assigned from a normal distribution and populations of infinite size were allowed to evolve to equilibrium. They showed that common polymorphisms can persist at a considerably higher frequency than is typically assumed to occur under mutation-selection balance models. Current methods of quantitative genetic analysis do not have the resolution to test the distribution of multilocus phenotypic, let alone fitness, effects, so it is hard to judge whether such a mechanism may be prevalent enough to support the divergence of haplotype classes throughout the genome.
Finally, a simpler explanation is that modern D. melanogaster may actually have formed by admixture of two populations that had been isolated for a large portion of the existence of the species. The combination of recombination and gene conversion must have been sufficient to cause linkage equilibrium between sites separated by more than a few hundred base pairs, as is typically observed, but there may not have been sufficient time to break up associations over shorter stretches. This type of explanation has also been proposed by several authors to explain the prevalence of haplotype dimorphism in Arabidopsis thaliana (Hanfstingl et al., '94; Purugganan and Suddith, '99) . In principle, restricted migration between subpopulations, possibly with different growth rates, could also explain the data, although Andolfatto and Przeworski (submitted) argue that estimates based on F ST values obtained from existing populations are not consistent with such a simple demographic explanation. Extensive sampling on a global scale throughout the genome will be required to address this issue.
Whatever the explanation, the existence of haplotype clusters throughout the genome, if it is confirmed on larger sample sizes, challenges some of the assumptions of population and quantitative genetic analysis. Most tests of neutrality assume that populations have evolved to a state of equilibrium, but this may not be the case if the time since admixture has been insufficient to break up linkage disequilibrium over these short stretches of DNA. From a quantitative genetic perspective, the existence of linkage disequilibrium over several hundred nucleotides has a major effect on the design of association studies. This is true irrespective of the reasons for the haplotype structure, as it affects the number and distribution of sites that must be surveyed in screens for associations between SNPs and phenotypes. It also compromises the interpretation of whether significant associations are direct or due to tight linkage. In addition, haplotype clades have been proposed as a natural way to overcome some of the problems in multiple comparison testing, because they take advantage of the history of the sample (Templeton et al., '87) . The possibility that quantitative genetic effects are embedded in sequences that have only recently been admixed has considerable implications for understanding the reasons for the maintenance of genetic variation in species that show extensive haplotype dimorphism.
